Abstract Physical parameters, such as microscopic and roughness, play important roles in microforming process due to an increasing ratio of surface to volume of the deformed material. The study on lubrication characterisation in microforming is getting more attractive to researchers because traditional models are not reliable in this scaled down process. In this study, the micro rolling deformation characterisation has been investigated on SUS 304 stainless steel considering lubricant effect and feature size effect. The foil thickness plays an important role in the tribological features of micro rolling. The evolutions of both oil film thickness and foil surface are analysed accordingly. All the results have been verified experimentally via the new developed 2-Hi desktop micro rolling mills.
Introduction
Due to the trend of miniaturization on electrical equipment, medical devices, energy industries, etc., the demand in micro metallic foil has been extremely increasing, especially in stainless steel foil because of its excellent corrosion resistances and high strengths. Metallic foil is mostly obtained by multi-pass rolling process through cluster multi-roll mills, such as Sendzimir mill, 12-high cluster type, etc. This kind of cluster rolling mill is complex and also difficult to operate and maintain. Surface quality is a major consideration in metal forming processes. However, the knowledge and technique developed in traditional metal rolling cannot be directly applied to the micro foil rolling process due to the so-called size effects which further affect the performance of microforming system and product quality in terms of dimensional accuracy, surface finish and mechanical properties. Lubricant, being indispensable in the cold rolling, provides necessary cooling of the rolled material, reduces wear of both the rolled material and rolls and lowers the friction during rolling [1, 2] . Combining the cooling capacity of water with the lubricating property of oil, an oil-in-water (O/W) emulsion is normally applied as the lubricant in cold rolling. The lubrication film is the layer of fluid (emulsion or lubricating oil) inside the rolling contact zone. Compared to the amplitude of the surface roughness, the thickness of the lubrication film in the contact zone influences the lubricating regime and surface quality. An oil film layer may be built by the surface roughness that entrains a significant amount of emulsion between the rolled materials and rolls. Successive pass usually leads to successively lower pass thickness reduction because of the work hardening of the rolled material in the previous passes [3] . Particular interest has been arisen in modelling friction and surface roughness, both to improve product quality and mill productivity and reduce energy consumption. The lubrication characterisation analysis could be principally of importance in metal forming, especially in foil rolling. Numerical and analytical modelling of cold rolling provides ideal processing conditions which minimize the excessive metallic contact between the rolled materials and rolls.
Traditional cold rolling theories with an assumption that contact arc remains a circular with enlarged radius and includes one neutral point fail in foil rolling process due to significant elastic deformation of the roll. Some related researches have been conducted on this issue. Fleck and Johnson [4, 5] suggested that the roll deformed to a noncircular profile and a neutral region of no slip existed in the roll bite for finite reductions of the strip, and plastic reduction occurred near the rolling entry and rolling exit zones. For scale-down size effect, Vollertsen and Hu [6] analysed tribological size effects in sheet metal forming. An open and closed pockets theory has been proposed to analyse this scaled down effect on material surface deformation behaviour in microforming process [7] . Tribological analysis is very important in cold rolling process. Le and Sutcliffe [1, 2] applied a tribological model for the mixed lubrication which indicated that the friction coefficient on the asperity contact was related to oil film thickness. The oil film thickness could be estimated by the measured surface brightness of cold rolled sheets [8] . The combined effect of friction and macroscopic deformation on asperity flattening was reported in Ref [9] , and roll roughness and lubricant viscosity influence the loads [10] . Quantitative characterisation of the surface topography of cold rolled sheets could be identified [11] . Lubrication influences the deformation mode and mechanical properties of the final product. If the lubricant does not show the properties necessary to establish a hydrodynamic regime, the film will be broken and re-established and the process will become unstable. Predications of film thickness from the various models are showing that the film thickness depends on many factors, such as the rolling speed, oil properties, the inlet geometry, the yield stress, the strip thickness, the asperity geometry and the entry tension [12] [13] [14] [15] [16] . These work presented mathematical models based on the slab method built to analyse the lubrication during cold rolling of strip.
Oil film thickness influences the lubricate distribution and the friction characterisation during rolling. Prediction in the contact area between the rolled strip and rolls also requires detailed information of how the pressurized oil separates the strip and rolls. Therefore, oil film thickness always plays a central role whichever the lubrication theory is. In this study, the rolling deformation characterisation of foil rolling in SUS304 stainless steel has been investigated on the 2-Hi reversing micro rolling mill. The influences of the feature sizes on oil film thickness have been discussed in this high-strength material with ranging thicknesses from 50 to 100 μm. The analysis of oil film thickness evolution, rolling force and surface topography and quality has also been conducted experimentally and analytically. Some variables of the process were studied, such as rolling speed, reduction to evaluate their influence on the pressure distribution, film thickness of the lubricant and on the surface roughness of cold rolled foils as well.
Experimental micro rolling mill and material used
The research on multi-pass rolling deformation behaviour of SUS 304 stainless steel has been carried out on the 2-Hi reversing micro rolling mill which includes gear system, paralleled motor, gap adjustment device, micro rollers, shaft connection and control system as shown in Fig. 1 . The rollers are driven by two separated motors, and this rolling mill is featured with adjustable and flexible rolling speed ratio for up and down rollers. The initial thicknesses of SUS 304 stainless steel foil are 50 and 100 μm with the foil width of 15 mm. Table 1 lists parameters used in experimental and analytical models. The rolled foil is collected, measured and compared after each pass. It is very important to use flat samples, especially relevant to the thin foil to ensure the measurement accuracy. The roll and the rolled foil are degreased with acetone before rolling in each pass. After rolling, the samples are carefully cut, trimmed and stunk onto the smooth surface of one hard metal block for observation.
3 Results and discussion
Oil lubrication in metal forming
In the rolling deformation region, both oil and water phases are mixed and entrained into the contact zone. The lubrication features depend on not only the surface roughness but also other factors such as relative sliding, surface waviness, lubricant viscosity and thickness reduction. These factors influence the hydrodynamic state in rolling lubrication as well [8, 12] . Figure 2 illustrates schematically the contact areas between the roll and the rolled material and separated areas by an oil film layer. Figure 3 shows the micrograph of the rolled foil surface, in which there are many significant rolling traces along the rolling direction.
In the deformation regime, lubrication could be in a combined elato-plasto-hydrodynamic lubrication: elastic deformation in the roll, plastic deformation in the strip and hydodynamical behaviour in the lubrication oil when entrained 
